1. The carboxylation of pyruvate to oxaloacetate by pyruvate carboxylase in guinea-pig liver mitochondria was determined by measuring the amount of 14C from H14CO3-fixed into organic acids in the presence of pyruvate, ATP, Mg2+ and Pi. The main products of pyruvate carboxylation were malate, fumarate and citrate. Pyruvate utilization, metabolite formation and incorporation of 140 from H14C03-into these metabolites in the presence and the absence of ATP were examined. The synthesis of phosphoenolpyruvate from pyruvate and bicarbonate is minimal during continued oxidation of pyruvate. Larger amounts of phosphoenolpyruvate are formed from a-oxoglutarate than from pyruvate. Addition of glutamate, a-oxoglutarate or fumarate did not appreciably increase formation of phosphoenolpyruvate when pyruvate was used as substrate. With a-oxoglutarate as substrate addition of fumarate resulted in increased formation of phosphoenolpyruvate, whereas addition of succinate inhibited phosphoenolpyruvate formation. In the presence of added oxaloacetate guinea-pig liver mitochondria synthesized phosphoenolpyruvate in amount sufficiently high to play an appreciable role in gluconeogenesis. 2. Addition of fatty acids of increasing carbon chain length caused a strong inhibition of pyruvate oxidation and phosphoenolpyruvate formation, and greatly promoted carbon dioxide fixation and malate, citrate and acetoacetate accumulation. The incorporation of 14C from H14C003, [1-14C]pyruvate and [2-14C]pyruvate into organic acids formed was examined. 3. It is concluded that guinea-pig liver pyruvate carboxylase contributes significantly to gluconeogenesis and that fatty acids and metabolites play an important role in its regulation.
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In guinea-pig liver PEPt carboxykinase is located both in the cytosol and in the mitochondria. The use of mitochondria from guinea-pig liver therefore offers a system for studying both pyruvate carboxylase and PEP carboxykinase reactions within the same cellular compartment. The major studies of carbon dioxide fixation and conversion of pyruvate into PEP in the synthesis of precursors for gluconeogenesis has been intensively investigated in rat liver and kidney mitochondria (Krebs & Eggleston, 1940;  Bartley, 1954; Bartley & AviDor, 1955; Nordlie & Lardy, 1963a,b; Henning, Seiffert & Seubert, 1963; Wagle, 1964; Freedman & Kohn, 1964; Haynes, 1965 tAbbreviation: PEP, phosphoenolpyruvate. Walter, 1965; Walter, Paetkau & Lardy, 1966; Mehlman, Walter & Lardy, 1967a,b; Mehlman, 1968a,b; Mehlman & Walter, 1968) .
It was found that in the rat pyruvate carboxylase, which catalyses the conversion of pyruvate into dicarboxylic acids, is a key enzyme in the pathway of gluconeogenesis (Haynes, 1965; Lardy et al. 1965; Walter et al. 1966; Mehlman et al. 1967a,b; Mehlman, 1968b) . These studies in vitro showed that the oxaloacetate synthesized inside the mitochondria by carboxylation of pyruvate was not directly available to the cytosol for the synthesis of PEP, but was instead converted into malate, aspartate and citrate, which diffused into the cytosol, where they were reconverted into oxaloacetate ; Haynes, 1965; Mehlman et al. 1967a ).
Malate, in addition to supplying carbon atoms E. W. SOMBERG AND M. A. MEHLMAN for the synthesis of glucose, may also be important in transporting reducing equivalents from inside the mitochondria to the cytosol, where they are needed for conversion of 1,3-diphosphoglycerate into glyceraldehyde 3-phosphate in the pathway of glucose formation (Walter et al. 1966; Mehlman et al. 1967a; Lardy, 1965; Schimke, 1962 Schimke, , 1963 .
Since these reactions have a regulatory role in the pathway of gluconeogenesis, it was the purpose of the present investigation to examine the ability of guinea-pig liver mitochondria to synthesize precursors for glucose from pyruvate and bicarbonate, where the location of the two enzymes offers an opportunity to study these complex reactions within the same compartment. A detailed study of the 14CO2 incorporation capabili- Schneider (1948) , except that mitochondria were centrifuged at 15 OOOg for 5 min. as rep&rted byJohnson & Lardy (1967) . The liver mitochondria were washed twice in 0-25M-sucrose by suspending them in lOvol. of 0*25M-sucrose/g. original wet wt. of liver and centrifuged for 5min. at 15000g. The washed mitochondria were suspended in 0 25M-sucrose at concentrations corresponding to 0 7-1-2g. original wet wt. of liver/ml. The mitochondrial N content was determined in a Coleman N analyser and by the biuret procedure.
All incubations were carried out in stoppered thick-walled 25 ml. Erlenmeyer flasks, which were shaken in a water bath at 37°. The reagents were added in approximately iso-osmotic mixtures. The final volume of the reaction mixture (composition described in the legends to tables and figures) -was brought to 3ml. by the addition of 1*1-1-7ml. of0-25M-sucrose. Asinpreviousstudies (Walter et al. 1966; Mehlman et al. 1967a; Mehlman, 1968b) all reactions were initiated by adding 0-5ml. of mitochondrial suspension after a temperature equilibration period of2 min.
After appropriate incubation periods, the reactionis were stopped by adding 3 ml. of0g 6M-HClO4 (final conon. 0-33M). The precipitated proteins were removed by centrifugation. The clear deproteinized samples were adjusted to pH4-0 with 2m-KOH and the KC104 was removed by centrifugation. Both the protein and KCl04 precipitates were rinsed with water and washed solutions were combined with respective supernatant samples to a designated volume.
Pyruvate, a-oxoglutarate, malate, citrate, acetoacetate, aspartate and PEP were determined by methods previously cited Walter e' al. 1966) .
A sample (0-5ml.) of acid mixture was spotted on a Whatman no. 3MM paper strip (5 cm. x 125 cm.) at 24-25 cm. from one end. The strips were carefully wetted with 2ss-acetic acid buffer, pH3-0 (adjusted with pyridine), and were placed in the electrophoresis tank (model D highvoltage Electrophorator) containing 2X-acetic acid buffer, pH3-0, which was 10cm. below the spotted acid sample on the paper. The tank was filled with Varsol (Savant Instrument Inc., Hicksville, N.Y., U.S.A.) as cooling liquid to the top.
The organic acids were separated at 4500 v, which yields a current of about lOmA/strip. The radioactive acids were located on the dried strips with a Vanguard model 880 paper chromatography scanner. The spots were identified by comparing their migration speeds with those of known radioactive acids, as described by Walter et al. (1966) .
Radioactivity measuremente. The radioactive zones of the paper strips were cut into 1 cm. calculated by assuming that the specific radioactivities of these two acids are identical. As in rat liver (W;ilter et aZ. 1966) -ad kidney (Mehlman et al. 1967a ) mitochondria, no radioactive succinate could be detected from H14C03-. Therefore it can be concluded that succinate dehydrogenase appears not to be catalysing the reduction offumarate under our experimental conditions. In these experiments we did not analyse for isocitrate and oxaloacetate. A more accurate measure of the pyruvate carboxylase activity can be made by summing all of the measured metabolites that were synthesized by carboxylation of pyruvate to oxaloacetate in a manner similar to that used in our studies of rat liver and kidney mitochondria (Mehiman et al. 1967a ). This procedure (see Fig. 1 ) gives a total of 12-47 ,moles of pyruvate carboxylated, compared with 9-1,umoles of 14CO2 incorporated after 20min. of incubation, which is an increase of about 37% in the pyruvate carboxylase activity over that Mitochondrial N (mg./3ml.) estimated by the amount of H14CO3-incorporated. This is still a minimal value for pyruvate carboxylase activity, because of continual metabolism of the intermediates formed and because some of the minor products such as isocitrate are not included.
When different amounts of mitochondria were added, it was found that malate formation and total 14C incorporation were approximately proportional to the amount of liver mitochondria added in the range 0-95-2-80mg. of nitrogen/3ml. (Fig. 2) . The amounts of mitochondrial nitrogen used in the experiments reported in this paper are all within this range. No attempt was made to separate mitochondria quantitatively from the homogenates; the average yield of isolated mitochondrial nitrogen was 3.2-5.Omg./g. of liver.
Pyruvate utilization and 14CO2 fixation by mitochondrial pyruvate carboxylase were maximal at pH7-0--74 (Fig. 3 ). Fig. 4 shows that optimum Mg2+ concentration for utilization of pyruvate and metabolite formation in liver mitochondria is lOmi. Fig. 5 shows that pyruvate utilization and 14CO2 incorporation continued to increase as pyruvate concentration increased from 5 to 27mM. It is important to remember that these substrates, especially pyruvate, are used in concentrations considerably higher than occur in tissues under physiological conditions. Influence ofPi, ATP and bicarbonate concentrations on pyruvate metabolism and production of 14C-labelled products. showed that ADP is an inhibitor of purified pyruvate carboxylase isolated from chicken livers. With rat liver (Walter et al. 1966 ) and kidney (Mehlman et al. 1967a (Bygrave & Lehninger, 1967) . As with rat liver mitochondria, the omission of Pi in the presence of 4mm-ATP with guinea-pig liver mitochondria strongly inhibited pyruvate utilization and metabolite formation (Fig. 6 ). This inhibition of 14CO2 incorporation could be overcome by addition of Pi. Fig. 6 shows that the optimum concentrations of Pi for 14CO2 fixation and metabolite formation were between 13 and 18mrm at a constant ATP concentration of 4mM. The relationship between substrate utilization and Pi concentration has been intensively investigated (Van DenBergh & Slater, 1960; Chance, 1959; Chappell & Greville, 1961; Charles, Tager & Slater, 1963; Borst & Slater, 1961; Tager, 1964) . The effect of Pi on PEP formation may be due to 'phosphorylation potential' (Gevers, 1967; Klingenberg, 1964) or it may influence the flow of PEP to and from mitochondria as suggested by Chappell (1966) for various organic acids. Fig. 7 shows that the optimum ratio of pyruvate used to 14C02 incorporated in the presence of a constant amount of P1 (16-6mM) (Mehlman, 1968b) and rat liver mitochondria (M. A. Mehlman, unpublished work). The reverse reductive carboxylation of a-oxoglutarate to citrate by guinea-pig liver mitochondria (Table 4) is approximately two-to three-fold that found in rat kidney and rat liver mitochondria (Mehlman, 1968c) . This is consistent with the results obtained in this study, since the carboxylation of oc-oxoglutarate will occur from the unlabelled carbon dioxide in the system. In Expt. (Bremer, 1966; Walter et al. 19,66) and kidney (Mehlman et al. 1967a ). The oxidation of fatty acids in mitochondria produces acetyl-CoA, which is an allosteric activator of pyruvate carboxylase . It was decided to investigate whether the addition of fatty acids to our system would lead to any alterations in product pattern. Fig. 9 shows the degree of inhibition of pyruvate utilization in the presence of various fatty acids.
With increasing fatty acid chain length, the inhibition of pyruvate utilization becomes more pronounced. Carbon chain length of fatty acids Fig. 10 . Effect of carbon chain length of fatty acids on oa-oxoglutarate utilization and formation of 14C-labelled products in liver mitochondria. The reaction mixture contained 4mm-ATP, 10mM-MgSO4, 13-3mM-potassium phosphate buffer, pH7O0, 10mM-potassium triethanolamine buffer, pH7-0, 6.6mM-a-oxoglutarate, 25mM-KH14CO3 and 5 mg. offatty acid-poor albumin/ml. Fatty acids ofdifferent carbon chain lengths were added (0.66mm) as indicated. Mitochondria from 0-5g. of liver contained 2.2mg. of N. The Effect of octanoate on eynthes8i of PEP from pyruvate and bicarbonate. The synthesis of PEP from pyruvate or from a-oxoglutarate is inhibited in the presence of succinate. In mitochondria succinate is known to increase the NADH/NAD+ ratio by reverse electron flow (Chance & Hollunger, 1961) , thereby preventing conversion of malate into oxaloacetate. The oxidation of fatty acids in mitochondria is known to be associated with increased production of NADH (Bode & Klingenberg, 1965) . Table 5 shows that fatty acids greatly stimulate 14CO2 incorporation and malate formation. In Expt. 1 (Table 5 ) addition of 1-7mm-octanoate resulted in approx. 56% increase in 14CO2 incorporation and 124% malate formation.
On the other hand PEP formation is almost completely inhibited. Similar results were obtained in Expt. 3 (Table 5 ). Results in Expt. 2 (Table 5) show that when the incubations were carried out when substrate (pyruvate) was limiting the synthesis of PEP was increased from 0-40,umole (Expt. 1) to 1-2,umoles (Expt. 2). Increase in the concentrations of octanoate from 0 33 to 1-7mM resulted in about threefold decrease in the formation of PEP. There was an increase in 14CO2 incorporation (62%), malate (142%) and citrate (127%) formation in the presence of 1-7mM-octanoate (Expt. 3). The ratio of pyruvate used to 14CO2 fixed was decreased from 2-0 to 1-2.
DISCUSSION
The pathways of intermediary metabolism are known to be regulated by the intercompartmental distribution of metabolites, substrates, enzymes, Table 3 . Effect of tricarboxylic acid-cycle intermediate8 on the 8ynthesi8 ofPEPfrom pyruvate and bicarbonate
The same basic reaction mixture was used for all experiments as described for Fig. 1 (Lardy, 1966) . It is therefore worthwhile to compare the results ofa previous study (Mehlman et al. 1967a) performed with rat liver and kidney mitochondria, where these two enzymes are located in separate compartments, with the results presented in this paper. Table 3 ). Addition of octanoate is known to increase the NADH/NAD+ ratio (Bode & Klingenberg, 1965; Chance & Hollunger, 1960) and in our experiments resulted in a nearly complete inhibition of PEP formation ( Table 4 , where it is shown that more PEP is formed when a-oxoglutarate is used as a substrate instead of pyruvate. Thus the oxaloacetate used for the synthesis of PEP is derived from malate produced from the metabolism of a-oxoglutarate. In the presence of malonate, which is known to inhibit oxidation of succinate, PEP synthesis is greatly decreased (Table 4) . The synthesis of PEP from oxaloacetate is catalysed by GTP. In mitochondria GTP is synthesized by substrate-level phosphorylation during oxidation of a-oxoglutarate (Hager, 1962; Heldt & Klingenberg, 1965) . The mitochondrial activity of nucleoside diphosphate kinase, an enzyme that catalyses the formation ofATP from GTP and ADP, is very low in guinea pig and very high in rat and pigeon liver (Ishihara & Kikuchi, 1968) . This low activity of nucleoside diphosphate kinase in guineapig liver mitochondria as contrasted with rat liver mitochondria may contribute to the relative importance of these two organs in synthesizing PEP. PEP synthesis in guinea-pig liver mitochondria is high and is almost negligible in rat liver mitochondria. Thus GTP formed by substrate-level phosphorylation during a-oxoglutarate oxidation may be directed for synthesis of PEP in guinea-pig liver mitochondria and in the rat GTP may be directed primarily toward ATP synthesis, owing to the high activity of nucleoside diphosphate kinase. The inability of exogenously added GTP to stimulate PEP synthesis was previously reported by Ishihara & Kikuchi (1968) . In our systems we have also found that addition of 1-7mm-GTP (Table 4) did not stimulate PEP synthesis. The inability of exogenous GTP to stimulate PEP synthesis is probably due to a mitochondrial permeability barrier to guanine nucleotide (Heldt, 1966; Klingenberg & Pfaff, 1966) . In contrast to the findings of Ishihara & Kikuchi (1968) we have found that exogenous ATP markedly stimulates the synthesis of PEP from a-oxoglutarate in guinea-pig liver mitochondria. Gevers (1967) reported similar increases in PEP formation with addition of ATP in pigeon liver. On the basis of these findings it may be suggested that exogenous ATP interacts with mitochondrial GDP, thus facilitating synthesis of PEP. Mitochondrial synthesis of PEP may be of physiological importance both as a carbon source and as a means ofutilization ofmitochondrial high-energy compounds for synthesis of glucose.
The decrease in the total amount of 14CO2 fixed from 3-5 to 1-0l&moles in the presence of malonate suggests that the oxidation of succinate may contribute to the reverse carboxylation of aoxoglutarate. In the same experiment in the presence of succinate the 14CO2 fixation is greatly increased from 3-5 to 8-21imoles. There was also a large increase in the incorporation of 14C from H14C03-into both malate and citrate. Thus it is possible to suggest that succinate oxidation leads to stimulation of reverse electron flow, thereby providing increased amounts of reducing equivalents needed for reductive carboxylation of a-oxoglutarate to citrate. The decreased formation of PEP in the presence of succinate and the increase in the total amount of 14CO2 fixed above the total amount of a-oxoglutarate used is due to the conversion of succinate into pyruvate, which is then carboxylated by pyruvate carboxylase to dicarboxylic acids. This is evident by the increased incorporation of 14C from H14C03-into malate. The incorporation of 0-74,umole of 14C from H14CO3-into malate in the control experiment is due to pyruvate carboxylase. Thus the measured amounts of PEP in these experiments represent minimal values, because of possible PEP metabolism in the mitochondria. Since oxidation offumarate is known not to be associated with increased NADH production, the addition of fumarate resulted in a large increase in PEP formation.
There was an increase (from 2-04 to in the amount ofH14C03-fixed (Table 4) into citrate in the presence of succinate. This indicates the important role that the stimulation of the reduced nicotinamide nucleotides may play on reverse electron flow. The total 14CO2 fixation was greater in the presence of succinate and fumarate (Table 4) than control values. The decrease in oc-oxoglutarate utilization in the presence of fluorocitrate is associated with a decrease in 14CO2 fixation, which is a result of inhibition of a-oxoglutarate ¢arboxylation.
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